Abstract A 2-year study was implemented to characterize the contamination of estuarine continuums in the Bay of Vilaine area (NW Atlantic Coast, Southern Brittany, France) by 30 pesticide and biocide active substances and metabolites. Among these, 11 triazines (ametryn, atrazine, desethylatrazine, desethylterbuthylazine, desisopropyl atrazine, Irgarol 1051, prometryn, propazine, simazine, terbuthylazine, and terbutryn), 10 phenylureas (chlortoluron, diuron, 1-(3,4-dichlorophenyl)-3-methylurea, fenuron, isoproturon, 1-(4-isopropylphenyl)-3-methylurea, 1-(4-isopropylphenyl)-urea, linuron, metoxuron, and monuron), and 4 chloroacetanilides (acetochlor, alachlor, metolachlor, and metazachlor) were detected at least once. The objectives were to assess the corresponding risk for aquatic primary producers and to provide exposure information for connected studies on the responses of biological parameters in invertebrate sentinel species. The risk associated with contaminants was assessed using risk quotients based on the comparison of measured concentrations with original species sensitivity distribution-derived hazardous concentration values. For EU Water Framework Directive priority substances, results of monitoring were also compared with regulatory Environmental Quality Standards. The highest residue concentrations and risks for primary producers were recorded for diuron and Irgarol 1051 in Arzal reservoir, close to a marina. Diuron was present during almost the all survey periods, whereas Irgarol 1051 exhibited a clear seasonal pattern, with highest concentrations recorded in June and July. These results suggest that the use of antifouling biocides is responsible for a major part of the contamination of the lower part of the Vilaine River course for Irgarol 1051. For diuron, agricultural sources may also be involved. The presence of isoproturon and chloroacetanilide herbicides on some dates indicated a significant contribution of the use of plant protection products in agriculture to the contamination of Vilaine River. Concentration levels and associated risk were always lower in estuarine sites than in the reservoir, suggesting that Arzal dam reduces downstream transfer of contaminants and favors their degradation in the freshwater part of the estuary. Results of the additional monitoring of two tidal streams located downstream of Arzal dam suggested that, although some compounds may be transferred to the estuary, their impact was probably very low. Dilution by marine water associated with tidal current was also a major factor of concentration reduction. It is concluded that the highest risks associated to herbicides and booster biocides concerned the freshwater part of the estuary and that its brackish/saltwater part was exposed to a moderate risk, although Res (2013) 20:651-666 DOI 10.1007/s11356-012-1171 some substances may sometimes exhibit high concentration but mainly at low tide and on an irregular basis.
Introduction
Estuaries are major sites of anthropogenic activities. They are subject to high levels of disturbance from multiple stressors, including chemical pollution, with consequences on the dynamics of many estuarine and marine species (Johnson et al. 1998) . A significant part of estuarine pollution originates from upstream, but relationships between terrestrial sources and costal contamination are frequently neglected (Chapman and Wang 2001) . Although information about the presence and effects of pesticides in freshwater to marine water continuums remained rare for a long time (Ahel et al. 1992; Readman et al. 1993; Power et al. 1999) , there is growing evidence that riverine inputs contribute largely to the occurrence of pesticides, especially herbicides, in estuarine and coastal systems (Haynes et al. 2000; Shaw and Müller 2005; Lewis et al. 2009 ). Such compounds may be present in significant amounts at some critical periods (e.g., when reproduction of plant or animal species takes place; Steen et al. 2001; Noppe et al. 2007 ). For example, in a 2-year study performed in the Scheldt Estuary, Steen et al. (2001) monitored the fluxes of some herbicides (atrazine, simazine, alachlor, and metolachlor), of desethylatrazine (DEA), of an insecticide (dichlorvos), and of an antifouling compound, Irgarol 1051 (active ingredient cybutryne), transported by the river towards the North Sea. They showed that the temporal trends of pesticide presence were related to their application period, except for metolachlor. Data suggested that downstream concentrations of pesticides in estuaries were generally lower that in upstream sites due to the dilution caused by mixing of river water with relatively uncontaminated seawater (depending on the tidal action) and to degradation and sorption to suspended matter and sediments (Steen et al. 2001) . However, concentration levels were high enough to raise concern about their potential impact on estuarine organisms. In a 3-year survey in the same estuary, Noppe et al. (2007) showed that the highest concentrations were found for atrazine (from 10 to 736 ng/L in water), whereas simazine and terbuthylazine were detected at lower concentrations (from 13 to 313 ng/L and from 13 to 261 ng/L for simazine and terbuthylazine, respectively). Although these compounds have been banned in most European countries by the beginning of the 2000s, mother compounds and metabolites are still detected at quantifiable levels in many rivers, especially in France (SOES 2011) , and atrazine was still present in estuarine sediments of the Adriatic Sea 8 years after the implementation of a total ban of its use in Italy (Carafa et al. 2007 ). In addition to pesticides, the extensive use of antifouling biocides on boat shells and other submerged surfaces was also responsible for the contamination of water and sediments by many toxic substances, especially booster biocides (e.g., Irgarol 1051; Hall and Gardinali 2004) used in combination with other compounds such as copper salts (Omae 2003) . Some of these booster biocides have also been used as pesticides for agricultural use (e.g., diuron), leading to possible confusion in identifying contamination sources (Di Landa et al. 2009 ). There is evidence that these compounds were highly toxic for freshwater and marine autotrophs (Okamura et al. 2003) , influencing key species like sea grasses (Chesworth et al. 2004 ) and corals (Owen et al. 2002) . Quantitative assessment of the presence of these compounds in estuarine and coastal systems is, therefore, a matter of concern for many stakeholders involved in the conservation and exploitation of these areas (e.g., oyster or mussel farmers, fishermen).
The interpretation of pesticide monitoring studies in terms of risk for aquatic communities usually relies on the comparison of recorded concentrations with specific water quality criteria (WQC) or reference values such as predicted no-effect concentration (PNEC; Babut et al. 2003) . Many authors have proposed to use hazardous concentrations (HCs) instead of PNECs (Smith and Cairns 1993; Maltby et al. 2005 ) for defining WQCs. HC values are usually derived from species sensitivity distribution (SSD) constructed using acute (e.g., EC 50 ) or chronic (e.g., noobserved-effect concentration [NOEC] ) toxicity data. Once an SSD has been established, a hazardous concentration for 5 % of the species of a community (HC5) may be derived. It is usually considered as a safe concentration (van Leeuwen 1990) . This strategy has been used, among other tools, in the EU for the definition of Annual Average-Environmental Quality Standards and Maximum Allowable ConcentrationEnvironmental Quality Standards (AA-EQS and MAC-EQS, respectively) values for a list of priority substances defined by the EU Water Framework Directive (EU 2008) . This list includes atrazine, diuron, isoproturon, and simazine. In addition, EQS values are currently proposed for cybutryne (active ingredient of Irgarol 1051; Rodriguez Romero 2011) but they have not been adopted yet. However, EQS values are still lacking for certain active substances (e.g., S-metolachlor, alachlor) and for degradation products (e.g., DEA). A limit of EQS is that substances are considered individually whereas environmental contamination is usually due to a mixture of compounds. When aquatic organisms are exposed to a mixture of pesticides, a significant effect may occur, even if the concentration of each individual compound is below the corresponding NOEC . In particular, this phenomenon has been described for aquatic primary producers exposed to herbicide mixtures (Faust et al. 1994 (Faust et al. , 2001 Arrhenius et al. 2004) . Chèvre et al. (2006) proposed to overcome this difficulty in defining risk quotients of mixtures of herbicides with a similar mode of action using WQC derived from NOEC-based SSDs (HC5-95 %, i.e., the lower 95 % confidence limit of the HC5 determined on the basis of the NOEC-based SSD) under the hypothesis of the concentration addition model Junghans et al. 2003; Backhaus et al. 2004) . Using HC5-95 % values instead of HC5 allows taking into account the uncertainty of the HC5 estimation. Using this method, Chèvre et al. (2006) defined WQC for several triazine (but not for Irgarol 1051) and phenylurea herbicides but only for freshwater primary producers.
The question of the possibility of using data obtained with freshwater organisms to extrapolate to saltwater organisms remains open. Using results from acute toxicity tests to construct SSDs for a variety of substances, Leung et al. (2001) and Wheeler et al. (2002) showed that there was no unique relationship between freshwater and saltwater sensitivity. Freshwater organisms tended to be more sensitive than their saltwater counterparts to ammonia and metals. An opposite trend was noticed for pesticides and narcotics. However, these results cannot be used to draw general conclusions because data for all categories of aquatic organisms were used (e.g., from algae to fish), species parity and representativeness were not identical (taxonomic diversity was generally higher for freshwater datasets), and no herbicide was included in the panel of compounds considered. When possible, it is, therefore, necessary to compare the available datasets for freshwater and saltwater species to assess if it is possible to derive a common reference value for both types of ecosystems or if it is necessary to define different WQCs.
Information about the transfer of pesticides from the continent to French coastal ecosystems are quite rare, although monitoring data showed the existence of a general contamination of streams and rivers by mixtures of pesticides, especially herbicides. Buisson et al. (2008) detected six herbicides in coastal and estuarine sites in Normandy, especially diuron and isoproturon. In Atlantic bays and estuaries, Munaron et al. (2006) reported diuron concentrations of up to 1 μg/L. With a 10,400 km 2 area watershed, Vilaine is the most important river from northwestern France. About 60 % of the watershed is used for intensive agricultural (e.g., wheat, maize) and livestock production. The downstream part of the river is characterized by the presence of Arzal dam that was built in 1970 to regulate water flow and to prevent flooding of surrounding areas. Arzal dam is located 12 km upstream the outlet of the Vilaine. It is equipped with five gates and one lock used for leisure boats coming in and out of the Arzal-Camoël marina that has been settled up in the freshwater reservoir (20,000,000 m 3 ) formed by the dam. Around 1,000 boats are permanently harbored in this marina. Changes in hydrodynamics associated with the building of Arzal dam increased the deposition of fine particles in the estuary which is heavily silted up. A drinking water plant has been built up 2 km upstream of the dam. It uses water from the Arzal reservoir to produce up to 100,000 m 3 /day of tap water. Data from former monitoring programs showed that Vilaine estuary was moderately polluted by metals and persistent organic pollutants and that pesticides were frequently detected at high levels in Vilaine upstream of Arzal reservoir (RNO 2004) . Therefore, this area was selected by the EXECO French research consortium to implement a multidisciplinary research program on the presence and effects of pesticides in a series of sites distributed along freshwater to marine water continuums. Focus was made on spring, which is a key period for the reproduction of many invertebrate species. This paper presents the results of the monitoring of pesticides in Arzal reservoir and in the Vilaine estuary obtained during this program and of the assessment of the corresponding risk for aquatic primary producers. Data on estuarine sentinel organisms (Mytilus edulis L.) are presented in a companion paper (Farcy et al. 2012 ).
Material and methods

Sampling sites
Three sampling sites were monitored in 2006 on the Vilaine continuum ( Fig. 1 France, Noisy le Grand, France for estuarine sites). Water samples (5 L) from Arzal and from the four sampling sites located on tidal streams were collected in polyethylene bottles and brought back to the laboratory for chlorophyll a and suspended solids concentration measurement. Subsamples (500-750 mL) were filtered through Whatman GF/C fiberglass filters (1.2 μm mesh size; Whatman International, Maidstone, UK) which were immersed overnight in 5 mL of an acetone/distilled water (90/10, v/v) mixture at 4°C for pigment extraction. Chlorophyll a was quantified spectrophotometrically (Specord 205, AnalytikJena AG, Jena, Germany) according to Lorenzen (1967) . Suspended solids concentration was determined in 250 mL water subsamples filtered through preweighted oven-dried (2 h at 500°C) Whatman GF/C fiberglass filters that were weighted again after 48 h at 105°C according to the AFNOR (1996) method. Suspended solids and chlorophyll a concentration in water samples collected in the Vilaine estuary were measured according to routine methods implemented by the Ifremer coastal laboratories Chaussepied 1983 and Kerouel 2004 for suspended solids and chlorophyll a, respectively). 
Pesticide residue analysis
Pesticide residues were analyzed using a multiresidue method based on off-line solid-phase extraction (SPE) followed by reversed-phase liquid chromatographic separation and electrospray triple quadrupole mass spectrometric detection (Mazzella et al. 2009 ; for additional details, see Online Resource 3). This technique allows the simultaneous determination of 30 active substances and metabolites: 11 triazines (ametryn, atrazine, cyanazine, DEA, desethylterbuthylazine [DET] , desisopropyl atrazine [DIA], Irgarol 1051, prometryn, propazine, simazine, terbuthylazine, and terbutryn), 14 phe-
, linuron, metobromuron, metoxuron, monolinuron, monuron, and neburon), and 4 chloroacetanilides (acetochlor, alachlor, metolachlor, and metazachlor).
Briefly, 200 mL of water samples (pH adjusted to 7) were filtered using GF/F glass microfiber filters (0.7 mm pore size) and 10 μL of a stock solution (acetonitrile) containing 10 ng/mL of atrazine D5, diuron D6, and metolachlor D6 as internal standards were added. Preconcentration of the analytes was performed using SPE with Oasis HLB cartridges fitted to a VisiPrep 12-port manifold (Supelco, France). The conditioning, extraction, and rinsing steps were carried out under a 400-mmHg vacuum. The cartridges were successively washed with methanol (10 mL), conditioned with high-performance liquid chromatography (HPLC)-grade water (10 mL), and loaded with water samples (200 mL). They were then rinsed with 20 mL of HPLC-grade water and dried under a stream of nitrogen for 30 min. Elutions were achieved with 5 mL of methanol. The extracts were then dried under a gentle stream of nitrogen and dissolved in 1 mL of an acetonitrile/water (10:90, v/v) mixture prior to the HPLC-ESI-MS/MS analyses. The matrix effects were studied by spiking various waters (i.e., river water and seawater) with the chemicals of interest (Mazzella et al. 2009 ). The results showed that the samples with the highest conductivity (i.e., seawater) exhibited important matrix effects with signal suppressions. These matrix effects were strongly minimized by performing appropriate internal standardizations. The HPLC separation was performed on a Finnigan SpectraSYSTEM equipped with a Prontosil Spheribond ODS 2 column (150 × 4 mm, 3 μm) with a C18 (10×4 mm, 6 μm) guard column (Bischoff Chromatography, Germany). The injection volume was 50 μL and elution was performed using a gradient of acetonitrile/water (10:90, v/v). The HPLC system was coupled with an API 2000 (Applied Biosystems/MDS SCIEX, France) triple quadrupole mass spectrometer equipped with a turbo ion spray source (ESI). The validated limits of quantification (LOQ) were 20 ng/L for triazines and 50 ng/ L for phenylureas and chloroacetanilides. Both laboratory and analytical blanks were systematically carried out during the sample preparation and LC-MS/MS analysis steps for checking the absence of any cross-contaminations. Moreover, fortified water samples (mineral water spiked at two concentration levels, with 40 and 200 ng/L of analytes) were extracted simultaneously during the preparation of the water samples collected in the field, ensuring the efficiency and the smooth progress of the extraction step.
Construction of SSD curves and HC derivation
The present study focused on ten substances that were regularly quantified in the samples collected in 2006 and 2007: two phenylureas (diuron and isoproturon), three chloroacetanilides (acetochlor, alachlor, and S-metolachlor), three triazines (atrazine, simazine, and Irgarol 1510), and two atrazine metabolites (DEA and DIA). The EC 50 and NOEC/EC 10 data for each considered herbicide or metabolite were collected from databases (e.g., Agritox database, ECOTOX database, Footprint Pesticide Properties DataBase), from regulatory reports (e.g., registration monographs and reports), and from the scientific literature. Only data on primary producers such as algae and aquatic plants were used because they are the most sensitive species to the considered compounds (Chèvre et al. 2006) . Only results from tests superior or equal to 24 h duration were accepted and only effects on growth, reproduction, or survival were used as they can directly be related to population dynamics. Toxicity studies with endpoints related to biochemistry (e.g., chlorophyll content) or physiology (e.g., photosynthesis) were not taken into account. The complete dataset is given in Online Resource 4.
In most cases, data with taxonomic detail at the species level were used. In a few cases, the genus level was accepted, by assuming the same sensitivity within each genus (Maltby et al. 2005) . When more than one toxicity value was found for a species, their geometric mean was calculated. When more than one data point was available for a given species, the data were weighed according to Duboudin et al. (2004) to construct the SSD curves. The EC 50 -SSD or NOEC-SSD of each herbicide was fitted with a log-logistic regression (Newman et al. 2000; Wheeler et al. 2002; Chèvre et al. 2006) . When less than six values were available, fitting was not performed due to insufficient data. When the number of data was comprised between six and ten, fitting of the SSD curve was performed, but resulting values were considered only as indicative.
The criterion to determine whether HC5 estimates for freshwater and saltwater organisms were significantly different was nonoverlapping confidence intervals, and sensitivity distributions were compared using the twosample Kolmogorov-Smirnov test (Maltby et al. 2005) . Comparison of sensitivity distributions was performed only when the size of the smallest sample was equal or superior to five. When there were no differences in HC5 estimates and the Kolmogorov-Smirnov test was passed successfully, we merged the two datasets to compute a common SSD for freshwater and saltwater primary producers.
Computation of risk quotients
The risk for primary producers was evaluated for each substance by computing the ratio between its measured environmental concentration and its HC5-95 % calculated using the NOEC-SSD (or EC 50 -SSD when not enough NOEC data were available to compute a NOEC-SSD) as follows (Chèvre et al. 2006) :
where RQ i is the risk quotient for substance i, [C] i is the measured environmental concentration of substance i, and (HC5-95 %) i is the lower 95 % confidence limit of the HC5 determined for substance i on the basis of the NOEC-SSD (or EC 50 -SSD when the number of NOEC values was too low). For mixtures of substances exhibiting a similar mode of action, the mixture effect was predicted considering that, for such mixture, the concept of concentration addition applied . The values of the risk quotient for photosystem II inhibitors (triazines and phenylureas) and elongase inhibitors (chloroacetanilides) mixtures were computed as the sum of the values of the risk quotients of individual substances (Chèvre et al. 2006) :
where RQ m is the risk quotient for the mixture, RQ i is the risk quotient for substance i, [C] i is the measured environmental concentration of substance i, and (HC5-95 %) i is the lower 95 % confidence limit of the HC5 determined for substance i on the basis of the NOEC-SSD (or EC 50 -SSD when the number of NOEC values was too low). When RQ i (respectively, RQ m ) value is <1, substance i (respectively, the mixture) presents an acceptable risk to the environment.
Comparison with EQS values
Although the sampling period did not cover a whole year, residue concentration values were compared with regulatory AA-EQS and MAC-EQS for priority substances (alachlor, atrazine, diuron, isoproturon, and simazine; EU 2008) or with currently proposed EQS values for Irgarol 1051 (Table 1) . For estuarine sites, results obtained on a same date at low tide and high tide were averaged before comparison with the EQS values. When the concentration value was less than the LOQ, a value equal to LOQ/2 was used for the computations.
Data analysis
All analyses were performed using the R software (version 2.8.1). Results obtained on the same date for water physicochemical parameters in sampling sites located upstream and downstream of the tidal streams or within the Vilaine estuary were compared using Wilcoxon test for paired samples (α00.05) using the R package stats. Computation of SSDs and HC values were performed using the R package drm. Kolmogorov-Smirnov two samples tests (α00.05) were performed using the R package fBasics.
Results
Water physicochemical parameters
Results from the measurements performed in the various sampling sites suggested the existence of a sharp longitudinal gradient in salinity, especially in the Vilaine River (Table 2 ). Arzal and the upstream sites of the two tidal streams were clearly freshwater sites, whereas salinity fluctuated a lot from one sampling date to another in the other sites, especially at the outlet of the two tidal streams (Port de Billiers and Kerdavid sampling sites, respectively).
Salinity was significantly lower in 2006 in Le Halguen than in Le Maresclé (Wilcoxon test, p 0 0.012), whereas an opposite result was obtained for oxygen saturation, suspended solid, and chlorophyll a concentration (Wilcoxon test, p00.03, 0.008, and 0.001, respectively). Salinity was significantly lower in 2007 in Les Granges than in Le Maresclé (Wilcoxon test, p0 0.008). No significant differences were shown between these two sites for temperature, oxygen saturation, suspended solid, and chlorophyll a concentration (Wilcoxon test, p00.55, 0.62, 0.23, and 0.74, respectively). Very high chlorophyll a concentrations were measured on April 18, 2006 in the Vilaine estuary (46 and 109.5 μg/L in Le Maresclé and Le Halguen, respectively) due to a bloom of the dinoflagellate Heterocapsa triquetra.
Water temperature, salinity, chlorophyll a, and suspended solids concentration increased significantly from upstream to downstream in Billiers River and Kerdavid River (Wilcoxon test, p<0.001 for all parameters), whereas an opposite trend was observed for oxygen saturation in Billiers River (Wilcoxon test, p<0.001). No gradient was shown for oxygen saturation in Kerdavid River (Wilcoxon test, p00.32).
The two monitoring periods were quite contrasted in terms of rainfall and freshwater outflow at Arzal dam. The highest level of contamination, both in terms of the number of detected compounds and concentration values was observed in Arzal, with 23 detected compounds among which 10 were quantified at least one time (atrazine, DEA, DIA, Irgarol 1051, simazine, diuron, isoproturon, acetochlor, alachlor, and metolachlor). The highest peak values were observed for simazine (2.35 μg/L on May 9, 2006) and diuron (0.268 μg/L on July 24, 2006). Atrazine, DEA, Irgarol 1051, simazine, diuron, and isoproturon were detected in at least 80 % of the samples, suggesting a chronic exposure to these substances. Atrazine was more frequently quantified in summer and Irgarol 1051 was quantified only in late spring and summer but at relatively high levels. Chloroacetanilides were sometimes detected in 2006 but always at concentrations inferior to the LOQ. Results obtained in 2007 suggest that contamination by these compounds may also exhibit seasonality with highest concentrations in spring.
The total number of detected compounds was 17 in Le Maresclé (monitoring period: 2006-2007) and Les Granges (monitoring period: 2007) and 8 in Le Halguen (monitoring period: 2006) . Diuron was quantified at least once in the three sites but always at concentration levels inferior to 0.1 μg/L. These results indicate a much lower level of contamination than in Arzal, with acute rather than chronic exposure to substances transferred from the continent. In Le Maresclé and Le Halguen, the average ratio between the values obtained at low tide and high tide was 1.12, suggesting a weak influence of dilution by tide. The pattern was different in Les Granges where compounds were usually detected only in samples collected at low tide.
Although numerous compounds were detected in samples from the two tidal streams (from 15 to 21, depending on the sampling site), few substances were present in quantifiable amounts. DEA was detected in almost all the samples from both streams, whereas isoproturon was more frequently detected in Kerdavid River with a maximum value of 1.02 μg/L on May 14, 2007 in the upstream site. Simazine was mainly detected in Billiers River. These results suggest that the exposure to herbicides in these two streams was characterized by pulses of contamination associated with drift phenomena during pesticide application and transfer following rainfall event.
Derivation of SSD-based HC5-95 % Data were less abundant for saltwater than for freshwater primary producers. Using data for freshwater primary producers only, it was possible to compute EC 50 -based HC5-95 % for all compounds, whereas NOEC-based HC5-95 % values could be computed only for atrazine, simazine, Irgarol 1051, and alachlor (Table 5 ). Due to the low number of available data, EC 50 -based HC5-95 % values for DEA, acetochlor, and metolachlor and NOEC-based HC5-95 % value for isoproturon should be cautiously considered. Ranking of triazine compounds based on their HC5-95 % values for freshwater primary producers was identical for acute and chronic toxicity data, with Irgarol 1051 being more toxic than atrazine, itself more toxic than simazine. The HC5-95 % values for DEA and DIA clearly show that these substances were far less toxic for freshwater primary producers than their mother compound atrazine. EC 50 -SSDs for phenylureas showed that diuron was more toxic for freshwater primary producers than isoproturon. The values of the slope of the EC 50 -based SSDs for alachlor and acetochlor were comparable (0.53 and 0.42, respectively) and lower than the value obtained for S-metolachlor (0.89).
Values of HC50 estimates suggested that S-metolachlor was more acutely toxic for freshwater primary producers than the two other chloroacetanilides. For alachlor and acetochlor, the HC5-95 % values were inferior to 0 due to the high dispersion of the experimental data, whereas the confidence interval for S-metolachlor HC was large due to the low number of available data. Therefore, median HC5 values estimates were used instead of the lower limit of their 95 % confidence interval for the assessment of the risk associated with these compounds. Freshwater and saltwater EC 50 -SSDs for atrazine, diuron, and Irgarol 1051 are presented in Fig. 2 . Confidence intervals of EC 50 -SSD-derived HC5 for freshwater and saltwater primary producers overlapped for Irgarol 1051 and diuron but not for atrazine. The sensitivity distributions were significantly different only for atrazine (Kolmogorov-Smirnov two-sample test: D 00.371, n 1 021, n 2 060, p 00.027). Freshwater and saltwater data were, therefore, pooled to compute a unique EC 50 -SSD for diuron and Irgarol 1051 (Table 5) . No differences were shown for NOEC-SSDderived HC5 or sensitivity distribution for atrazine and Irgarol 1051. The distributions of NOEC values were not significantly different between freshwater and saltwater species for atrazine, diuron, and Irgarol 1051, and unique NOEC-SSDs were, therefore, computed. Unfortunately, for diuron, the estimate of the HC5-95 % value was inferior to 0. The median HC5 value estimates was, therefore, used instead of the lower limit of the 95 % confidence interval for the assessment of the risk associated with this compound.
Risk quotient values
Diuron and, more seasonally, Irgarol 1051 exhibited the highest individual RQ values followed by isoproturon (Fig. 3a) . When diuron and Irgarol 1051 were quantified, the corresponding RQ values were always superior or equal to 1, with peak values of up to more than 100 for Irgarol 1051 in June 2007. Individual RQ values for atrazine and simazine were always inferior to 1. Due to their very high HC5-95 % values and low concentration in the samples, the RQ values associated with atrazine metabolites were always inferior to 2×10 −4 . Photosystem II inhibitors were responsible for the highest risk for primary producers in Arzal with RQ m values superior to 1 from May to July for both years (Fig. 3a) . In 2007, a very high RQ m value was observed in June (RQ m 0113.7), associated to a peak in Irgarol 1051 concentration (RQ Irgarol 1051 0109.4). Diuron and Irgarol 1051 accounted on average ± SE for 61.5±8.5 % of the RQ m value when considering the whole dataset. This contribution increased to 83.1±4.7 % when considering only the dates when their concentrations were above LOQ values. Individual RQ and RQ m values computed for chloroacetanilide herbicides were always inferior to 1, suggesting that the risk associated to these compounds for primary producers was very low (Fig. 3b) .
Since herbicide residues were rarely present at a quantifiable level in saltwater sites, only point estimates of RQ values could be computed. In Le Maresclé, RQ m reached 1.84 for photosystem II inhibitors (RQ values of 1.37 and 0.47 for diuron and isoproturon, respectively) at low tide on 
Discussion
During this study, the lower part Vilaine River was chronically contaminated by a mixture of herbicides and antifouling biocides. The nature of this contamination varied seasonally, and it frequently reached levels of concern for freshwater primary producers in Arzal reservoir. Although its use in agriculture is forbidden in France since 2003, atrazine and its degradation products (DEA and DIA) are still frequently detected in surface waters (SOES 2011) . This is the consequence of the long-term transfer of residues from agricultural areas where this herbicide was previously used. Long-lasting contamination of coastal waters by atrazine and its degradation is a commonly reported phenomenon (see, e.g., Carafa et al. 2007) . During this study, DEA was more frequently detected in freshwater sites than its mother compound, in accordance with the pattern observed at the national level (SOES 2011) . DEA is formed during the degradation of atrazine in soils and it is a stronger leacher than the herbicide (Bottoni et al. 1996) . Its presence in surface water showed that atrazine residues were still present in agricultural soils several years after it has been banned. Agricultural use of simazine was also banned in 2003 in France. It is, therefore, unlikely that the peak concentration recorded in consequence of the former use of this compound. It was more likely the result of an illegal use close to Arzal reservoir, for example, for eliminating weeds on pavement or other impermeable structures. The concentration rapidly decreased and reached baseline levels in approximately 3 months. The presence of Irgarol 1051 in water samples from the Arzal reservoir was due to its use in antifouling paints. Irgarol 1051 has been one of the mostly used booster biocide in antifouling paints worldwide and is has frequently been detected in coastal marine environments and lakes, especially close to marinas where its concentrations are frequently higher than in other harbors (Hall et al. 1999; Sánchez-Rodríguez et al. 2011; Hall and Gardinali 2004) . This compound has a long half-life in the environment (approximately 200 days in the marine environment) and a high toxicity for aquatic primary producers, therefore, presenting a great threat to nontarget organisms (Hall et al. 1999 ). Maximum measured Irgarol 1051 concentration was 0.186 μg/L which is of the same order of magnitude than concentration values previously reported for marinas by Hall and Gardinali (2004) for the USA (90th percentile of 0.316 μg/L) and Sánchez-Rodríguez et al. (2011) for harbors of Gran Canaria island (concentration up to 0.146 μg/ L). The increase of its concentration in late spring and early summer in Arzal was probably due to a seasonal increase of activity within Arzal-Camoël marina, especially cleaning or painting the boat hulls before the beginning of the summer period. A similar seasonal pattern with a peak concentration in summer has been reported in a Swedish marina (KEMI 2006) . In a station located in the Scheldt Estuary, Steen et al. (2001) also showed that Irgarol 1051 concentration started to increase in April and peaked in July.
Isoproturon and diuron are the two phenylureas that were detected and quantified during this study. The former was used intensively for weed control, especially in wheat fields, and it is still authorized for such use. The latter was used as a broad-spectrum herbicide and as a booster biocide in antifouling paints. It has been banned for agricultural use in France in 2008 but was still in use when this study was performed. Measured diuron concentrations were slightly higher in the Arzal reservoir (average, 0.088 μg/L; range, <LOQ-0.268 μg/L) than in the estuarine sites (overall average concentration, 0.039 μg/L; range, <LOQ-0.075 μg/ L). Similar diuron levels have been reported by Dahl and Blanck (1996) during a study conducted in marinas of the western Swedish coast with concentrations up to 0.1 μg/L. In Spanish sites, Ferrer and Barceló (1999) and SanchezRodriguez et al. (2011) recorded concentrations of up to 0.2 μg/L.
In this study, chloroacetanilide herbicides were quantified only in May and June 2007, mostly in Arzal, although acetochlor and metolachlor were also found once in the two tidal streams and in the estuarine sites in May. These results are in accordance with the agricultural use of these substances. Chloroacetanilides are usually applied as pre-or post-emergent herbicides in spring (April to June). Alachlor has been banned in France in June 2008 and acetochlor in December 2011, but both substances were still in use during the study period. S-metolachlor is still authorized for weed control in maize and other crops (e.g., sugar beet, sunflower, soybean). The absence of quantification for these substances in spring 2006 may be due to the reduced rainfall in the area at this moment.
Pesticide residue concentrations measured in the sites located in the estuary and Bay of Vilaine were always low and inferior to those measured on the same sampling dates in Arzal, probably because the dam reduced downstream transfer of contaminants. It favored their retention in the reservoir where degradation may take place and contributes to reduce downstream transfer. This was probably reinforced by a seasonal effect, leading to a reduced outflow of freshwater to the estuary during the sampling period. Some compounds exhibited point concentration values at the micrograms per liter level in the two tidal streams. Quantitative information on the water flow associated with these two streams were not available, but according to their hydromorphological characteristics (length and width) and to local rainfall data, their contribution to the estuary is probably several orders of magnitude lower than the contribution of Vilaine River. Dilution by marine water associated with tidal current is also a major factor of concentration reduction. Le Maresclé sampling site was chosen as a possible reference site for the characterization of the contribution of Vilaine River to the contamination of coastal ecosystems. Residue levels were generally as high in this site as in the sites located within the estuary, especially for phenylureas, suggesting that, in fact, contamination of the whole area is relatively homogenous. This raises the question of the availability of control sites for monitoring programs. For atrazine and DEA, the results were different since these compounds were never quantified in Le Maresclé. This may be the consequence of dilution by marine waters or of a less conservative dynamics within the marine environment.
The recommended minimum number of data points that should be used for constructing an SSD varies from 10 (Wheeler et al. 2002) to 15-55, depending on the substance and data quality (Newman et al. 2000) , although Maltby et al. (2005) used dataset comprising as low as 6 values. This requirement was not met for three EC 50 -SSDs for freshwater (DEA, acetochlor, and S-metolachlor), for one NOEC-SSD for saltwater (Irgarol 1051), and for two NOEC-SSDs for freshwater primary producers (diuron and isoproturon). Chèvre et al. (2006) proposed to determine HC5-95 % values for compounds with low data availability using a threestep protocol: (1) derivation of a relative potency (RP i ) based on the EC 50 -SSD curves fitted for all substances sharing the same mode of action and using as a reference the compound with the largest dataset; (2) derivation of the HC5-95 % value from a NOEC-SSD, and (3) prediction of the HC5-95 % value for all the compounds by applying the RP i values to the HC5-95 % value for the reference compound. This method relies on the hypothesis that the EC 50 -SSDs are parallel for compounds with the same mode of action, that NOEC-SSDs and EC 50 -SSDs are parallel for each compound and that the RP of each compound is identical for EC 50 -SSDs and NOEC-SSDs. Our estimates of SSD slope showed that at least the two first hypotheses were not verified, preventing us to apply this protocol to our data. However, combining freshwater and saltwater data for some compounds when HC5 estimates and sensitivity distribution were not significantly different enhanced the reliability of HC5-95 % estimates. Our estimates of NOECbased HC5-95 % are of the same order of magnitude as those proposed by Chèvre et al. (2006) for atrazine (1.2 vs. 1.8 μg/L for this study and Chèvre et al. 2006, respectively) , simazine (3.4 vs. 2.8 μg/L for this study and Chèvre et al. 2006, respectively) , and isoproturon (0.2 vs. 0.3 μg/L for this study and Chèvre et al. 2006, respectively) . AA-EQS and MAC-EQS for priority substances and Irgarol 1051 are lower than our estimates of EC 50 -based and NOEC-based HC5-95 %, suggesting that these criteria are more protective for aquatic primary producers. This discrepancy between the two types of values is logical since EQS derivation may take into account other data than acute or chronic toxicity for primary producers, including, e.g., toxicity for fish or invertebrates and bioaccumulation aspects. Assessment factors are also used to take into account uncertainty aspects that result in reduced EQS values.
The comparison of EC 50 -SSDs suggested that saltwater primary producers were more sensitive to acute exposure to atrazine than freshwater species, whereas no differences were found for diuron and Irgarol 1051. For chronic toxicity data, no differences were found between the two categories of primary producers for these three compounds. Previous comparison of the sensitivity of freshwater and saltwater organisms to toxicants using SSDs yielded various and sometimes opposite results, depending on the nature of the substances and of the organisms taken into account (Leung et al. 2001; Maltby et al. 2005) . However, comparisons are lacking for herbicides and available information mainly concern Irgarol 1051. EC 50 -SSDs and NOEC-SSDs have recently been used for deriving AA-EQS and MAC-EQS values for cybutryne, the active ingredient of Irgarol 1051 (Rodriguez Romero 2011) . No difference was found between freshwater and saltwater organisms as in our study. HC5 values of 0.129 (confidence interval, 0.069-0.206) and 0.0076 μg/L (confidence interval, 0.001-0.025) were computed using log-normal-based SSDs for acute and chronic toxicity data, respectively. These estimates are almost similar to the results obtained during this study (average values of 0.12 and 0.0045 μg/L for EC 50 -based and NOEC-based HC5-95 %, respectively). Based on chronic toxicity data, van Wezel and van Vlaardingen (2004) found that the sensitivities of saltwater and freshwater algae to Irgarol 1051 were not statistically different. However, their analysis was performed on very small datasets (n02 and 4 for saltwater and freshwater algae, respectively). Using their own data and data from the literature, Zhang et al. (2008) showed that EC 50 -based SSDs of freshwater and saltwater primary producers crossed over each other, suggesting that the relative sensitivities of these two groups of species differ at high and low concentrations. They concluded that freshwater autotrophs were more sensitive towards Irgarol 1051. The difference between their findings and the results of the present study is probably due to the fact that we consider a smaller range of EC 50 values (0.1 to 6.75 μg/L in this study vs. 0.2 to 5,000 μg/L for Zhang et al. 2008) .
The comparison of average and maximum concentration values with EQS values listed in Table 1 showed that, in Arzal, the mean and maximum concentration values recorded in 2006 and 2007 for Irgarol 1051 exceeded the currently proposed AA-EQS and MAC-EQS values (0.015 and 0.028 vs. 0.0025 μg/L for mean concentration and 0.034 and 0.186 vs. 0.016 μg/L for maximum concentration, respectively). This compound was not quantified in the other sites but frequently detected. Since its LOQ (0.02 μg/L) is higher than the proposed EQS values, it was not possible to conclude. The peak concentration of isoproturon measured in Kervor was slightly higher than the MAC-EQS for this compound (1.02 vs. 1.0 μg/L). For the other compounds, the mean and maximum concentrations were always lower than the corresponding EQS.
The results obtained for the computation of RQ values allowed to refine the conclusion drawn for the comparison of residue concentration with EQS values in two ways. First, RQ values may be computed for substances for which EQS values are not currently available. Second, the course of RQ values with time gives information on the nature of the risk, e.g., acute or chronic. Computed RQ i and RQ m values were frequently above the threshold level of 1 for samples collected in Arzal, suggesting a chronic risk for freshwater primary producers in this site. Risk was mainly associated with photosystem II inhibitors and more precisely with diuron and Irgarol 1051. The risk associated with currently used or banned agricultural herbicides was moderate, with individual RQ values usually below 1. In particular, chloroacetanilide herbicides did not exhibit a significant risk. When residue concentration values were available, RQ values in the estuarine sites showed a major contribution of diuron. However, individual and cumulative RQ values were usually inferior to 1 in these sites, suggesting a low or even very low risk associated with these compounds for primary producers in the Vilaine estuary. High risk associated with peak RQ values were recorded at the outlet of tidal streams but with probably no consequence for estuarine primary producers due to dilution by marine water associated with tidal current. The retention and degradation of residues upstream of Arzal dam was another major factor of natural risk reduction. Use of antifouling products was the main source of risk in this area, suggesting that the implementation of risk management measures at the level of Arzal-Camoël marina could be the most efficient way to reduce risk. Some measures are already implemented in this marina such as the use of alternative antifouling compounds and dry docks with wastewater collection. They should contribute to improve the situation in the forthcoming years.
Comparison of residue concentration with WQC (either HC5-95 % or EQS values) showed that the risk associated with the monitored herbicides was moderate in all sites, suggesting that these substances do not exert individually a strong pressure on freshwater and saltwater primary producers. The situation was different for Irgarol 1051 for which high values of RQ were obtained in Arzal, with average and maximum concentration values above the currently proposed AA-EQS and MAC-EQS. The presence of this compound is associated with boating activity in ArzalCamoël marina. However, the data obtained in estuarine sites suggest that the risk for saltwater primary producers is very low, including for this biocide.
Conclusion
This study was implemented to obtain information about the transfer of organic micropollutants from continental surface waters to the estuarine environment in the Vilaine River, the major river of NW France. In its lower part, Vilaine River is chronically contaminated by a mixture of herbicides and antifouling biocides. The nature of this contamination varies seasonally, and it sometimes reaches levels of concern for freshwater primary producers in Arzal reservoir. The highest risk levels were observed for photosystem II inhibitors, especially diuron and Irgarol 1051. The Arzal-Camoël marina located upstream of the Arzal dam was probably the most important contributor to this contamination, although compounds of agricultural origin (e.g., isoproturon, chloroacetanilide herbicides) were also present. Although pesticides and booster biocides were sometimes quantified in samples collected in estuarine sites, their concentrations were usually low and the corresponding risk for saltwater primary producers was moderate. The presence of a dam at the upstream part of the estuary clearly reduces downstream transfer of contaminants and the input of contaminants by tidal streams was also very small. It is concluded that, although the contaminants taken into account in this study are transferred from the continent to the estuary, their impact on estuarine primary producers is probably moderate.
